Publications of the Astronomical Society of Japan, 2024, 00, 1-18
doi: 10.1093/pasj/xxx000
Advance access publication date:

Rotation and stability of the circumnuclear gas disk in the
Galactic Center potential by the ALMA CMZ Exploration
Survey (ACES)

Yoshiaki SoFUE', Steven N. LONGMORE®*, Daniel WALKERS, Adam GINSBURG®, Jonathan D.
HeENsSHAW37, John BALLY®, Ashley T. BARNES®?, Cara BATTERSBY'?, Laura CoLzI'', Paul Ho'?,
Izaskun JIMENEZ-SERRA'!, J. M. Diederik KRUIJSSEN?, Elizabeth MiLLS'3, Maya A. PETKOVA'4,
Mattia C. SORMANI'>'6, Jen WALLACE'?, Jairo ARMIJOS-ABENDANO'?, Zi-Xuan Feng'>?°, Karl
FITENI'>32, Pablo GARCiA%'22, Savannah GRAMZE®, Christian HENKEL?*, Pei-Ying HSIEH'?, Ralf S.
KLESSEN?%30, Francisco NOGUERAS-LARA3!, Dylan M. Paré33, Victor M. RiviLLA'!, and Alvaro
Sanchez-Monge?®?43

! Institute of Astronomy, The University of Tokyo, Mitaka, Tokyo 181-0015, Japan

3Astrophysics Research Institute, Liverpool John Moores University, IC2, Liverpool Science Park, 146 Brownlow Hill, Liverpool L3 5RF, UK
4CCosmic Origins Of Life (COOL) , https://coolresearch.io

SUK ALMA Regional Centre Node, Jodrell Bank Centre for Astrophysics, Oxford Road, The University of Manchester, Manchester M13 9PL, United Kingdom
5Department of Astronomy, University of Florida, P.O. Box 112055, Gainesville, FL 32611

“Max Planck Institute for Astronomy, Kénigstuhl 17, D-69117 Heidelberg, Germany

8Center for Astrophysics and Space Astronomy; Department of Astrophysical and Planetary Sciences; University of Colorado, Boulder, CO 80389, USA
9European Southern Observatory (ESO), Karl-Schwarzschild-Strasse 2, D-85748 Garching, Germany

0Department of Physics, University of Connecticut, 196A Auditorium Road, Unit 3046, Storrs, CT 06269, USA

" Centro de Astrobiologia (CAB), CSIC-INTA, Carretera de Ajalvir km 4, Torrejon de Ardoz, 28850 Madrid, Spain

2AS/NTU Astronomy-Mathematics Building, Roosevelt Rd, Taipei 10617, Taiwan

3Department of Physics and Astronomy, University of Kansas, 1251 Wescoe Hall Drive, Lawrence, KS 66045, USA

4Space, Earth and Environment Department, Chalmers University of Technology, SE-412 96 Gothenburg, Sweden

SComo Lake centre for AstroPhysics (CLAP), DiSAT, Universita dell’Insubria, via Valleggio 11, 22100 Como, Italy

"6Department of Physics, University of Surrey, Guildford GU2 7XH, UK

7 Observatorio Astronémico de Quito, Observatorio Nacional, Escuela Politécnica Nacional, Interior del Parque La Alameda, 170136, Quito, Ecuador
SComo Lake centre for AstroPhysics (CLAP), DiSAT, Universita dell'Insubria, via Valleggio 11, 22100 Como, ltaly

2Universitat Heidelberg, Zentrum fiir Astronomie, Institut fir Theoretische Astrophysik, Albert-Ueberle-Str. 2, 69120 Heidelberg, Germany

32|nstitute of Space Sciences & Astronomy, University of Malta, Msida MSD 2080, Malta

21Chinese Academy of Sciences South America Center for Astronomy, National Astronomical Observatories, CAS, Beijing 100101, China

22|nstituto de Astronomia, Universidad Catélica del Norte, Av. Angamos 0610, Antofagasta, Chile

24MPIfR, Auf dem Htigel 69, Bonn, Germany

"®National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan

2Universitat Heidelberg, Zentrum fiir Astronomie, Institut fir Theoretische Astrophysik, Albert-Ueberle-Str. 2, 69120 Heidelberg, Germany
S0yniversitat Heidelberg, Interdisziplinares Zentrum fiir Wissenschaftliches Rechnen, Im Neuenheimer Feld 225, 69120 Heidelberg, Germany
31Instituto de Astrofisica de Andalucia (CSIC), Glorieta de la Astronomia s/n, E-18008 Granada, Spain

33 Joint ALMA Observatory, Alonso de Cordova 3107, Vitacura, Casilla 19001, Santiago de Chile, Chile

*2|nstitut de Ciencies de I'Espai (ICE), CSIC, Campus UAB, Carrer de Can Magrans s/n, E-08193, Bellaterra, Barcelona, Spain

43|nstitut d’Estudis Espacials de Catalunya (IEEC), E-08860, Castelldefels, Barcelona, Spain

*E-mail: sofue@ioa.s.u-tokyo.ac.jp

ORCID: 0000-0002-4268-6499, 0000-0001-6353-0170, 0000-0001-7330-8856, 0000-0001-6431-9633, 0000-0001-9656-7682, 0000-0001-8135-6612, 0000-0003-
0410-4504, 0000-0002-6073-9320, 0000-0001-8064-6394, 0000-0002-3412-4306, 0000-0003-4493-8714, 0000-0002-8804-0212, 0000-0001-8782-1992, 0000-
0002-6362-8159, 0000-0001-6113-6241, 0000-0000-0000-0000, 0000-0003-3341-6144, 0009-0004-0121-1560, 0000-0002-9409-8322, 0000-0002-8586-6721,
0000-0002-1313-429X, 0000-0002-7495-4005, 0000-0001-9155-3978, 0000-0002-0560-3172, 0000-0002-6779-7593, 0000-0002-5811-0136, 0000-0002-2887-
5859, 0000-0002-3078-9482

Abstract

We investigated the gravitational potential and mass distribution in the Galactic Center by examining the morphology and kinematics of the
circumnuclear gaseous disk revealed by the molecular line data from the ALMA CMZ Exploration Survey (ACES). We obtain an estimate for
the shape of the potential to reproduce the observed properties of the circumnuclear gas disk (CND) by simulating the motion of test particles
for various axial ratios and show that the potential is approximately spherical. We construct a rotation curve by applying the terminal velocity
method to the position-velocity diagrams, and calculate the mass distribution in the Galactic Center, assuming spherical mass distribution. The
volume mass density is approximately given by payn ~ 2 x 10°(R/1pc)~ 1> Megpc~3, where R is the distance from the nucleus. We discuss
the tidal effect caused by the gravitational potential that produces the rotation curve and show that the gas disk is stable against self-gravitational
contraction within a critical radius of R ~ 14 (pgas/10°Ha cm—3)~1/2 pc. This suggests suppression of star formation and a top-heavy IMF in
the circmunuclear region.
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1 Introduction

The central molecular zone (CMZ) of our Galaxy is a high-density
molecular gas disk with moderate star formation (Henshaw et al.
2016; Henshaw et al. 2023; Sofue 2022; Battersby et al. 2025),
which rotates in the deep gravitational potential of the Galactic
bulge and the central supermassive black hole. Recently, we
(Sofue et al. 2025a; Sofue et al. 2025b) showed that the CMZ
is composed of several rotating arms and rings using the molec-
ular line cube data taken by the large project ACES (ALMA
CMZ Exploration Survey) (Longmore et al. 2025; Ginsburg et al.
2025; Walker, D. L., et al. 2025; Lu, Xing al. 2025; Hsieh, P-Y., et
al. 2025). We argued that the kinematic properties of the molecular
gas in the position-velocity diagrams (PVD) provide information
about the gravitational potential in which it is orbiting.

The innermost region is known to have the cicumnuclear disk
(CND) identified as Arm VI in Sofue et al. (2025a), which is a
high density molecular torus of radius ~ 2 to ~ 10 pc (Oka et al.
2011; Liu et al. 2012; Mills et al. 2013; Mills et al. 2017; Hsieh et
al. 2017; Hsieh et al. 2021; Tsuboi et al. 2018). The CND ex-
hibits two-fold dynamical properties that it is a torus being fu-
eled from the outer arms of the CMZ and is fueling the more
inner region including the nucleus and the minispiral (Paumard
et al. 2004; Kunneriath et al. 2012; Liu et al. 2012; Moser et al.
2017; Tsuboi et al. 2016; Tsuboi et al. 2017).

Extensive hydrodynamical simulations have been performed
to study the evolution and gas dynamics in the Galactic Center
(Kruijssen et al. 2019; Krumholz et al. 2017; Dale et al. 2019;
Ridley et al. 2017; Sormani et al. 2022; Tress et al. 2020; Hunter
et al. 2024). In the current works, it has been assumed that the un-
derlying mass distribution to create the gravitational potential has
a simple analytical form as follows: (i) Plateau or finite peak type
density distribution as p o< 1/(1 + (R/a)™) (Miyamoto & Nagai
1975) or p x exp(—b(R/a)™) (Launhardt et al. 2002), where R
is the radius from the nucleus, a, b and n are constants. (ii) Cusp
type with infinite central density as p o« R~™ with n = 2 (Binney
etal. 1991) or n =1 (Navarro et al. 1997). In 2D or 3D treatments,
the scale radii and height are taken as free parameters to represent
the shape of the potential.

In order to construct a more realistic model to understand the
CMZ, which is a gaseous disk orbiting in the gravitational poten-
tial, the determination of the underlying potential based on obser-
vations is crucial. The molecular line data of ACES, covering the
entire CMZ from the nucleus to its edge at high angular and ve-
locity resolutions, are ideal for this purpose. In this paper, we aim
at constraining the gravitational potential of the GC region by an-
alyzing the position-velocity (PV) diagrams of the CS (J =2 —1),
H'CN (J =1 —0) and H40« line data from ACES.

There are two approaches to study the potential or, equivalently,
the mass distribution. One way is to measure the surface den-
sity distribution of stars using infrared photometry (Fritz et al.
2016; Nishiyama & Schodel 2013; Portail et al. 2017; Gallego-
Cano et al. 2020). The other method is to measure the rotation
curve (RC) of the gaseous disk and/or the velocity dispersion of
the stars (Sofue & Rubin 2001; Sofue 2020). We adopted the RC
method and applied it to the position-velocity diagrams (PVD) in
the molecular and recombination lines of the CMZ taken from the
ACES data cubes.

This paper is structured as follows. In Section 2 we describe
the kinematic properties of inner molecular disks, particularly the
circumnuclear disk (CND). In Section 3 we perform test-particle
simulations of the kinematical evolution of a molecular cloud and
give a constraint on the shape of the potential, which will be shown
as spherical. In section 4, we derive the terminal velocity (TV)
curve of the CMZ using the longitude-velocity diagrams in the CS
and H40« lines. In Section 5 we calculate the dynamical mass
distribution in the Galactic Center, assuming that the gravitational
potential is nearly spherical in the entire CMZ, Section 6 is devoted
to analyzes of the stability and tidal effect on a molecular clump in
the molecular disk with the observed rotation curve. Section 7 is a
summary of the work. We adopted a distance Ry = 8.2 kpc to the
GC, close to the recent measurement (Gravity Collaboration et al.
2019).

2 Data and maps

We describe the data and maps used in this paper.

2.1 Data

The molecular line cubes in this work were taken from the inter-
nal release version of the 12m + 7m + TP (Total Power) mode
data from the ALMA Cycle 8 Large Program "ALMA Central
Molecular Zone Exploration Survey" (ACES, 2021.1.00172.L;
Longmore et al. (Longmore et al. 2025). ACES observed the CMZ
in ALMA Band 3, covering a frequency range of ~86-101 GHz in
six spectral windows of varying spectral resolution and bandwidth.
In this paper we use the lines CS (J = 2 — 1) (CS) and H'*CN
(J=1-0) (HCN) to trace the dense molecular gas (Shirley 2015).
The CS (J =2 —1) and H**CN (J = 1 — 0) line data at frequen-
cies of 97.9810 and 86.3399 GHz had angular resolutions of 2”.21
and rms noise of 0.004 Jy beam™'(0.10 K) with velocity chan-
nel increments of 1.45 and 0.85 km s~ !, respectively. We also
used the H40« line at 99.02295 GHz to trace the ionized gas of
the minispiral in the innermost region around Sgr A* at the same
angular resolution and a velocity resolution of 1.5 km s~!. The
intensity scales are in Jy beam ™', and 1 Jy beam'= 26.1 and
22.2 K in the main-brightness temperature (1) at 98 and 86 GHz,
respectively. In the present work, we cut out the innermost re-
gions from the ACES cubes, which cover a region of the CMZ at
—0°6 S1<4-0°9 and —0°.3 Sb < 4-0°1 with spatial and velocity
grids of (0”5 x 0”5 x 0.15 km s~ %) (Longmore et al. 2025).

‘We mention that the CS (J =2 — 1) line is typically a tracer that
may be moderately optically thick. Linke & Goldsmith (1980)
find opacities of 0.3 - 3.0 in classical star-forming regions of the
Galactic disk, while Humire et al. (2020) find values of 1.0 - 2.8 in
Galactic center clouds. On the other hand, H**CN (J =1 —0) line
is optically thin almost everywhere (Liu et al. 2023). This property
will be used to argue for the reality of the central hole in the CND
in subsection 2.4.

2.2 Maps

Figure 1 shows the moment O (integrated intensity) and moment
1 (velocity field) maps of the CND on the lines CS (J =2 —1)
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Fig. 1. (A) Moment 0 maps of the central 0°.4 x 0°.1 region around Sgr
A* in the CS (J = 2 — 1) line by ACES. GLON and GLAT stand for { and
b, respectively. The structures discussed in the paper are illustrated. (B)
Same, but in H'3CN (J = 1 — 0). (C) Longitudinal cross section of CS
(J =2 —1) moment 0 map across Sgr A*. Note the central hole inside
the CND, which is enlarged in figure 2. Sharp negative peak is due to
absorption of the continuum from Sgr A*. (D) and (E) Moment 1 maps
of CS (J =2 —1) and H'3CN (J = 1 — 0) lines, respectively, in unit of m
s~ 1. Note the regular Galactic rotation with positive velocities at positive
longitudes and negative velocities at negative longitudes. Alt text: Moment
0 maps, intensity cross section, and moment 1 maps in the CS (J =2 —1)
and H*3CN (J =1 — 0) lines in the central £0°.1 around Sgr A*.

and H'3*CN (J = 1—0). The CND draws an ellipse in the sky
with the major axis at a position angle PA ~ 70° and a minor-
to-major axial ratio of b/a ~ 0.2. The ellipse is associated with
several bifurcated arms trailing outward in the clockwise sense.
The north-east part of the ring is missing due to absorption against
the radio continuum of Sgr A, indicating that the upper side of the
ring is on the near side of Sgr A*(Sofue et al. 2025a).

The interior of the ellipse at R < 1.5pc is empty, which is more
clearly revealed by a cross section of the total intensity map along a
line at position angle = 95° (nearly parallel to the Galactic plane)
across Sgr A*shown in figure 2. The sharp negative peak in the
center is due to absorption against the continuum of Sgr A*.

The hole coincides positionally with the minispiral of the ion-
ized hydrogen gas. The electron density has been measured to
be ne ~ 6 x 103cm ™3 as inferred from observations of the H92«
recombination-line (Zhao et al. 2009) and ~ (7 — 13) x 10*cm™*
of the H42« line (Tsuboi et al. 2017). If a value of 10* H cm™3
is typical along the main minispiral arms, the total mass of ionized
hydrogen amounts only to ~ 10? Mg for three arms of 1.5 pc in
length and 0.2 pc in width. This is two to three orders of magni-
tude smaller than the mass needed to fill the hole by molecular gas
with a density comparable to that in the CND.

2.3 Position-velocity diagrams

In figure 3 we show the position-velocity diagrams (PVD) along
the major axis of the CND at position angle 70° across Sgr A*
in CS, HCN and H40« lines. In the appendix (figure 20) we
show channel maps of the longitude and latitude-velocity diagrams
(LVD and BVD) in the CS (J = 2 — 1) line.

The CND is recognized as the broad tilted ridge in the LVD and
PVD, obliquely crossing the horizontal ridges due to the fore and
background CMZ and Galactic disk. The LVD ridge has a mean
velocity gradient of dv/dl ~ 9000 km s~'deg™", as measured for
Arm VI (CND) in Paper I, corresponding to a value for a radius
~ 2 pc ring rotating at ~ 120 km s~'. The broad width of the
LVD ridge indicates a significant non-circular motion of the CND.
BVDs also show a similar property to LVDs, indicating a tilted
ridge.

2.4 CND and central cavity

In our previous paper (Sofue et al. 2025b) we have shown that there
are several arms in the CMZ, named Arms I to VII. The CND is
Arm VI, which is associated with the high-speed cloud G + 0.02-
0.02 + 100 km s~ 'and forms the same family with a fainter but
more coherent arm of radius 8 pc. So, the circum-nuclear region is
characterized by multiple rotating rings.

The simulation in the previous section also applies to the 8-
10 pc arm (ring) by taking the normalization length to ~ 10 pc.
Accordingly, a spherical potential is again preferred in order to
keep the ring-like structure of Arm V.

The circum-nuclear disk has been known as the innermost mas-
sive molecular torus of several pc radius (Oka et al. 2011; Mills
et al. 2017; Tsuboi et al. 2018; Hsieh et al. 2021). The central
hole on the moment O map is well explained by the model of the
spherical potential, as shown by the cross section of the intensity
in Sgr A* in figure 4. The hole is clearly visible in the model for
the spherical potential but not for the disk and bar potentials.

It is important to emphasize that, as shown in figure 2 obser-
vationally, both a possibly optically thick CS (J =2 —1) and a
definitely optically thin H**CN (J = 1 — 0) lines show the central
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2.5 Jy beam~'km s~!. The blue mark indicates the position of Sgr A*
at (1,b) = —0°.055835, —0°.046110) (Xu et al. 2022). [2nd] Same, but in
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hole. The hole must be real and exist independently of the opacity
of the molecular line considered; even CS (J = 2 — 1) becomes
invisible there.

2.5 The minispiral

The minispiral are high speed flows of ionized gas orbiting the
central supermassive black hole (SMBH) drawing three elliptical
orbits with Sgr A* being the common focal point (Tsuboi et al.
2017; Zhao et al. 2009). Their trajectories in the PV plane provide
useful kinematical information about the gravitational potential.

Figures 5 show the superposition of the CS and H40« line im-
ages of the minispiral and LVDs along the major axis of the CND.
The terminal velocity in the CS line is smoothly connected to the
high velocity envelope in H40c, which increases toward the nu-
cleus and is approximately traced by the Keplerian law for a point
mass of 4 x 10 Mg at the center, as indicated by the white lines in
the bottom panel.

Figure 6 (top panel) shows the minispiral LVDs in the H40«
line at three different latitudes. The 2nd and bottom panels show a
simulation of the trajectories of test particles of a cloud orbiting in
the point-mass potential by LV and 3D projections, respectively.

3 Diagnosis of the shape of gravitational
potential by test-particle simulation

We examine the sphericity, oblateness, and triaxial ratios of the
gravitational potential in the circumnuclear region by simulating
the evolution of a molecular cloud. Compared with the moment 0
maps and PVDs of the molecular lines, we argue that a spherical
potential is preferable in the CND and the disk oblateness is mild
in the entire CMZ, but a strong bar may not apply.

3.1 Axial ratio of the potential

To examine the shape of the gravitational potential, it is convenient
to assume the following form (Binney et al. 1991),

®=1/2 w2 In [Z(xl/ql)ﬂ , (1)

where z; are the Cartesian coordinates of the particle and ¢ = ¢ :
qy : q- gives the axial ratio of the potential. When the potential is
spherical with ¢ =1:1: 1, the circular rotation velocity is constant
(flat rotation). A potential withg=1:1:¢. and ¢, < 1 represents
an oblate spheroid or a disk, and 1 : g, : ¢ with g, # g. represents
a triaxial bar.

In the following, the coordinates are normalized by the radius,
r = 1, at which the circular velocity is also nomaralized to unity,
v = 1. The cloud is represented by an ensemble of many test par-
ticles centered on the initial orbit of radius 1. The test particles
are distributed in a small radius 0.1 times the orbital radius and
velocity dispersion 0.1 times the orbital (rotation) velocity at the
unit radius. Each test particle moves in a potential of the Galactic
bulge and the cloud’s gravity represented by a Plummer potential
of a scale radius 0.1, so that the Roche radius of the tidal force by
the bulge’s potential is about equal to 0.1.

3.1.1 Spherical potential - Coplanar rosette orbit

Figure 7 panel A shows the result for a spherical bulge potential,
showing the evolution of a cloud composed of many test particles
initially placed at a radius ro = (z0,%0,20) = (1,0,0.3) and circular
rotation velocity vo = (0, 1,0), plotted every 0.1 rotation period.

167
168
169

170

171
172
178
174
175
176
177
178
179
180
181
182
183
184
185
186

187

188

189
190
191
192
193
194

195

196
197

198

199
200
201
202
203
204

206
207
208
209
210
211
212
213
214

215
216
217
218
2

9



220
221
222
223
224
225
226
227
228
229
230
231
232
233

234

236
237
238
239
240

241

Publications of the Astronomical Society of Japan (2024), Vol. 00, No. 0

CS(J=2-1)

150 200

Vlsr (km/s)
0 50 100

-50

-150 —100

0.08 0.04 0 -0.04 -0.08
Offset (deg)
0.0015 0.013 0.037 0.073 0.12
H40«

°
S

Visr (km/s)
°

|
°
3

-200

-300

0.1 0.08 0.06

0.04

0.02 0 -002 -004 -006 -008 -0.1
OFFSET (deg)

0.0012 0.002 0.0033 0.005 0.0073

Visr (km/s)

-50

Visr (km/s)

50 100 150 200

0

-150 -100

0.08 0.04 0 -0.04 -0.08
Offset (deg)
0.0005 0.0045 0.0125 0.0245 0.0405

H40a+CS (J =2—-1)

300

o
o
«

100

(4]

o —300 -200 -100

-004 -006 -008 -0.1

1 008 006 004 002 0
E <= Offset => W (deg)

-0.02

0.0064 0.025 0.057
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east (left). [Bottom] PVD in CS by green overlaid with H40« by red. Alt text: PVD along the major axis of the CND.

The cloud orbit is circular in the (z,y) plane and draws a straight
line in the (x,z) plane as projected on the sky, as shown in the 1st
(top-left) and 2nd charts, respectively. The LVD and BVD show
straight rigid body-like behaviors, as shown in the 3rd (bottom-
right) and 4th charts.

The cloud’s shape suffers from the tidal effect of the Galactic
bulge and is stretched around the cloud center. It is disrupted in
one orbital period and is stretched along the circular orbit, finally
making a circular ring of radius 1. The projections onto the (z, z),
(z,vy) and (z,vy) planes may be compared with the observed mo-
ment 0 map, LVD and BVD in figures 1 3 and 20. Obviously, the
present simple ring model cannot reproduce the detailed properties
observed in figure 1, although the elongated shape in the sky and
the tilted LV and BV ridges observed in figure 1 are not inconsis-
tent with the simulation in figure 7.

The next simplest model is a rosette orbit for a noncircular ini-
tial velocity in the spherical potential. Figure 7 panel B shows the
result for a cloud with the initial velocity oblique to the concentric
circle starting from the same place as in panel A and traced for
three orbital periods.

The (x,y) projection exhibits a rosette orbit pattern, where the
cloud is disrupted within one orbital rotation and is further elon-

gated along the orbital trajectory. The (x,z) projection, which
corresponds to a projection in the sky, yields an elliptical structure
with a few bifurcated arms and an empty interior region, mimick-
ing the observed moment O map in figure 1. We point out that the
rosette orbit in the spherical potential is coplanar even if the (z, z)
projection shows such an elliptical structure. In the bottom chart
of figure 7 panel B, we confirm this by a 3D projection through the
orbital plane of the same simulation result.

The reason why the orbits remain in the initial coplanar plane is
that the epicyclic frequencies in the horizontal (radial) and vertical
directions are equal due to the spherical potential. The reason may
also be explained by the conservation of angular momentum in the
spherical potential because the gravitational force is kept always
radial.

The projections in the (x,v,) and (y,v,) planes, corresponding
to LVD and BVD, respectively, also reproduce the broad tilted PV
diagrams in figure 20, although the absorbed regions are not well
hidden by this simulation.

Note that the calculation here assumes collisionless particles.
More hydrodynamical treatment will cause spiral inflow reducing
to a ring. Point here is that the angular momentum is conserved
in a spherical potential, so that the orbit remain coplanar with the
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Fig. 4. [Top left] Cross section of the moment 0 map from Sgr A* to SW at
PA = 240° showing a clear cut of intensity inside the CND. [Top right,
Bottom] Simulations for spherical, disk and bar potentials, respectively.
The central deep hole is reproduced only by the spherical potential. Alt
text: Cross section of the moment 0 map across Sgr A* compared with
the simulated cross sections.

central hole being maintained.

3.1.2 disk potential

We then examine non-spherical potentials, which do not seem to
explain the observations. Figure 7, panel C, shows the result of the
evolution of a molecular cloud with the same initial condition as
in figure 7 panel B, but in disk potentials with 1 : 1 : 0.6, and the
evolution is traced for 6 orbital periods. The bottom panel is a 3D
projection, demonstrating that the orbit cannot be coplanar because
of the non-centrally directed force in the disk potential, which does
not guarantee the angular-momentum conservation. Therefore, the
(z, z) projections, corresponding to the intensity distribution on
the sky, do not produce the tilted ring structure with a central hole.
Comparing the result with the observations in figures 1 and 2 we
conclude that a disk potential may not be a suitable approximation
for the central few pc region of the Galaxy.

The reason why the orbits do not remain in the initial coplanar
plane is that the epicyclic frequencies in the horizontal (radial) and
vertical directions are different, so that the nodal points precede
fast around the center. This is also explained by a rapid precession
of the rotation axis around the Z axis and variation of the angular
momentum.

3.1.3 Bar potential

Figure 7, panel D, shows the result for the same initial condition as
in figure 7 panel B, but in bar potentials with g=1:0.8:0.8. Due to
the non-centrally directed force in the bar that does not guarantee
the conservation of angular momentum, the orbit cannot remain
in a coplanar sheet. The bar potential causes stronger precession
of the rotation axis in the z, y and z axes, producing different
epicyclic frequencies in the three directions and a more uniform
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distribution of the trajectories. Compared with the observations,
we conclude that the bar potential is also not likely in the central a
few pc region of the Galaxy.

3.2 Constraint on the potential shape

In figure 8 we summarize the simulated results for an orbiting pe-
riod of ~ 10 rotations, which corresponds to ~ 3 Myr at R ~ 3
pc (CND). After many runs of the test particle simulations with
different values of ¢, and ¢., we obtained the following condition
for the central potential to reproduce the observed properties of
the CND. Note that we use the CMZ or the CND as a non-self-
gravitating probe to diagnose the external gravitational pontential
of the Galactic bulge or the nuclear stellar cluster (NSC) and a
massive black hole.

i) Spherical potential is preferred to keep the ring structure of
the CND flat even though the orbits are highly eccentric (Sofue et
al. 2025b). This applies also to the minispiral, each arm of which
traces an ellipse, not mixed to become a 3D cloud.

ii) In a disk potential, the angular momentum of the flow is
not conserved unless the disk is perfectly parallel to the potential
plane. This results in a fat disk with a thickness equal to the height
of the orbit. The central hole disappears when the disk is projected
in the sky because of the mixing of nodal points. The entire CMZ
may be in this category. The disk potential should be sufficiently
round with ¢, = 0.95.

iii) A bar potential disturbs the ring shape more strongly as a
result of the angular momentum exchange. In order to keep the
central hole on the sky for more than a few orbital rotations (~ 0.1
My), the two axial ratios must be ¢ 2 0.95 and g, = 0.95.

Figure 9 summarizes the final shape of the ’disc’ in the sphere,
disk, and bar potentials. From (i) as above, we conclude that the
gravitational potential in the central ~ 10 pc of the Galaxy is al-
most spherical, having (an) axial ratio(s) greater than 0.95 to re-
produce the central cavity structure of moment O projected on the
sky and the observed LVD and BVD. This is consistent with the
observed infrared luminosity distribution in the central ~ 10 pc
(Fritz et al. 2016; Gallego-Cano et al. 2020). From (ii) and (iii) we
may also conclude that the potential containing the entire CMZ is
an axisymmetric disk or at least it is not a strong bar.

This conclusion will be used as the basis for using the rotation
curve to calculate the mass distribution in the central region in the
next section. We mention that the present argument applies to 3D
potentials, but if the potential is assumed to be 2D or axisymmetric
as employed in some simulations, the disk is kept flat by definition
(no z extent).

A concern to be kept in mind is that the simulation does not
take into account the gaseous properties such as the pressure and
inelastic interaction between the elements. The former acts to ex-
pand the disk, whereas the latter works oppositely. Therefore, we
should consider the result to be qualitative, while the general prop-
erty of the potential shape does not vary significantly.

3.3 Line profiles

In addition, the detailed shape of each line is also useful for con-
straining the model. The large widths of the spectral profiles are
shown to manifest the kinematical properties of the gas clouds that
rapidly rotate around the GC at V;o; ~ 100 — 150 km s~ '(Sofue
et al. 2025b). Figure 10 compares the observed line profile of the
eastern clump of CND with the simulated results.

The CS profile exhibits a typical lopsided and broad spectral
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Fig. 9. [Top to 3rd] 3D plots of the test particles with initial position and
velocity at ~(1.0, 0.0, 0.3: 0.3, 1.0, -0.5) in spherical (¢ =1:1:1), disk
(1:1:0.6) and bar (1:0.6:0.6) potentials, respectively. [Bottom] Schematic
summary of the final 3D shape of a disk put in a spherical, disk or bar
potential. 'Sphere’ applies to the CND orbiting in the central cluster and
massive black hole, where a tilted disk or a ring can remain flat due to the
conservation of angular momentum. ’Disc’ may apply to the entire CMZ,
but (strong) 'bar’ may not apply in the GC. Alt text: Summary of simulation
about the final shape of a disk in different external potentials.
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shape typical for a receding side of a rotating disk, showing a
sharp cut at the positive terminal velocity, representing the rota-
tion velocity, and extended outskirts toward the negative velocity.
The simulated profile for the coplanar rosette orbit (panel C) in the
spherical potential seems better than the others which all exhibit
narrower line widths. This confirms the conclusion of the previous
subsection.

4 Rotation curve of the GC

We describe the terminal velocity method using the LVDs, and
apply it to the CS (J = 2 — 1) and H40« line data to obtain the
rotation curve of the CMZ and CND. Based on the argument in
the previous section that the central potential is nearly spherical,
the rotation curve will be used to derive the mass distribution.

4.1 Terminal velocity method

The rotation curve is the most fundamental tool for measuring the
mass distribution in a disk galaxy (Sofue & Rubin 2001; Sofue
2017; Sofue 2020). In this section, we apply the RC analysis to di-
agnose the mass distribution and potential nesting of the CMZ,
which is a typical rotating disk. Among a variety of methods
to measure the rotation velocity, the terminal (tangent) velocity
method is the most popular and accurate for a gas disk.

The terminal velocity, Vierm, Was measured as follows:

[Envelope trace method] A simple method applied to H40«
LVD is the envelope tracing method, which trace the contour
drawn at a critical intensity and the errors are given half and twice
the intensities of the critical intensity. The critical intensity here
was taken three rms.

[Gaussian deconvolution of line profiles] A more precise
method, which we used for the CS (J =2—1) lines, is the Gaussian
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deconvolution of each line profile. The center velocity of the high-
est velocity component is taken as the terminal velocity. Line
width is adopted as the standard error of the terminal velocity
Vierm.

The absolute values of thus determined terminal velocities are
plotted as a function of the distance from Sgr A* as shown in fig-
ure 11. Finally, the raw plots of the terminal velocities are av-
eraged in each Gaussian bin (here 0.5 pc) of the distance at ev-
ery 0.5 pc to obtain a rotation curve, Vot (R). The standard de-
viation of the Gaussian running average in each bin is taken as
the error of RC, §V;o¢. The rotation velocity is nearly constant at
Viot =120 km s™! in the central several pc.

4.2 Relation of the terminal and rotation velocities

Eccentric motion is ubiquitous in the CMZ as inferred from the
line-of-sight velocities of +several tens km s~ observed at I ~ 0°
caused by the extended gravitational potential (Kruijssen et al.
2015; Sofue et al. 2025b). It is therefore often argued that the
terminal velocity does not necessarily represent the rotation veloc-
ity due to the bar potential, where the orbit is not perfectly circular.
We here argue that the terminal velocity represents the rotation ve-
locity in case of a rapidly rotating circumnuclear disk.

The tangential velocity observed as the terminal velocity in the
line spectrum of a gas element in an eccentric motion orbiting the
Galactic potential is given by

Vierm = QR+ K r sinkt, 2)

where 2 = V;ot/R is the angular frequency of the Galactic rota-
tion, and « and r are the epicyclic frequency and radius, respec-
tively, and ¢ is the time. In the Galactic disk, a number of gas
elements are rotating as ensembles with different epicyclic fre-
quencies, radii, and phases. Due to the ergodic theorem, the av-
erage over the rotational behavior of many individual gas elements
should result in an estimate of the rotation curve as

(Vierm) = (QR+ k7 sinkt): ~ QR = Vit (R), 3)

where the epicyclic term disappears in a couple of rotations or in
t ~ 0.1 — 0.2 My. Therefore, we may safely assume that the mea-
sured Vierm represents Vio (R) in the present circumstances.

4.3 Rotation curves

Figure 11 shows a PVD of the H40aline near Sgr A*, showing the
high-velocity motion of the minispiral. Using the envelope-tracing
method, we determine the terminal velocities and plot them in the
lower panel of the figure. The full line shows the Keplerian law
due to the central supermassive black hole with a mass of Mgy =
4.2%x10%M, ® (Ghez et al. 2008). The innermost terminal velocities
within R < 1 pc well fit this Keplerian motion.

Figure 11 shows a CS (J = 2 — 1) LVD covering the entire
ACES field from [ = —0°.6 to +0°.9 (120 pc), where the con-
tours are drawn at 7 = 0.05 Jy beam ™!, approximately following
the terminal velocity. The bottom panel shows the rotation curve
in CS (J =2—1) obtained by applying the Gaussian deconvolution
method.

We then combined the H40« and CS (J = 2 — 1) rotation curves
to obtain a unified RC of the CMZ, as shown in figure 12. The top
panel shows the terminal velocity diagram, and the second and
third panels show the results after Gaussian running average in the
radius direction. The rotation curve is well fitted by a superposi-
tion of two velocity components of the SMBH and the CMZ disk
with a constant rotation velocity represented by

11
Ve = GMpu/R=131.1 kms ' /VX )
and
Vemz ~ 100 kms™' X/1/1+ X2, )
which is equivalent to a potential given by by
B(X) =1/2v3log(1+ X?). (6)

The rotation velocity is given by

Viet = V VB2H + V(%MZ’ )

where X = R/1 pc and Mpg = 4 x 10° Mg (Ghez et al. 2008).

5 Mass distribution

Using the rotation curve and assuming that the gravitational po-
tential is nearly spherical, we derive the mass distribution in the
GC.

5.1 Mass, density and surface density by spherical
assumption

We infer from the test particle simulations that the morphological
and kinematical properties of the CND are reasonably explained
by a gas flow orbiting in a spherical potential and drawing a copla-
nar rosette pattern. Non-spherical gravitational potentials due to a
disk or a bar cannot reproduce the observed molecular-line mor-
phology in the sky. On the basis of this result, we discuss the
mass distribution in the circumnuclear region by using the rotation
curve. Given the spherical potential, the rotation curve of the cen-
tral bulge is obtained using the terminal velocity along the Galactic
plane.

On larger scales, infrared surface photometry indicates that the
scale radii of the luminosity profile in the longitude and latitude
directions are on the order of ~ 0.5 at R ~ 50 — 100 pc (Schodel
et al. 2014). So, even in a larger scales such as in the bulge, the
photometric shape is mild showing a a fat disk. Considering the
long-range gravitational force, this means that the gravitational po-
tential is nearly spherical in the central ~ 100 pc.

In this section, we try to determine the enclosed mass within a
radius R using the rotation curve obtained in the previous section,
assuming that the potential is spherical, and derive the distributions
of mass, density, and surface density in the GC.

The mass within R is assumed to be given by

M(R) = RV;o/G. ®
The volume density is calculated by
payn(R) = 1/(4wR*)dM (R)/dR, ©)

and the surface density is obtained by

SR =2 [ oV R, (10)
0
or approximately
S(R) ~ M(R)/(xR?), (an

where R is the GC distance in the Galactic plane and z is the height
from the plane at radius R.

Figure 13 shows the calculated distributions of the total mass,
volume density and surface density, using equations 8, 9 and 11,
respectively. The total mass distribution is consistent with the cur-
rent photometric measurements of the circum nuclear stellar clus-
ter (CNS) and central bulge in infrared emissions shown by the
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thick green line as plotted for comparison from the literature (Fritz
et al. 2016; Gallego-Cano et al. 2020). It also smoothly continued
to the Galactic dynamical mass distribution calculated for the in-
ner RC of the Milky Way plotted by triangles (Sofue and Kohno
2025). The red line represents the mass distribution calculated for
the model RC given by equation 7.

5.2 Comparison with model potentials assumed in the
simulations

There are two basic models to represent the central gravitational
potential: the cusp type and the finite-density type.

An example of a cusp (P ~ log R) type assumes a potential of
the form given by 1, which produces a constant circular velocity
(flat RC) and a cuspy profile of the central density as p oc R™2
(Dale et al. 2019; Kruijssen et al. 2019).

The finite-density type includes the Plummer potential and ex-
ponential, de Vaucouleurs, and / or Sersic-type density profiles
(Ridley et al. (2017) and the articles cited in Section 1). This type
of potential yields a mild and finite density at the nucleus. The
rotation velocity is zero at the center and increases linearly with
radius, showing a rigid-body RC.

Figure 14 shows the comparison of the observed distribution of
the dynamical mass inside the CMZ with the theoretical models
adopted in the current simulations (McMillan 2017; Ridley et al.
2017). The dots are plots as calculated in this paper using the ob-
served rotation curve. In terms of the comparison here concerned,

the cusp model (p o R™') seems preferable to represent the poten-
tial in the central region of the CMZ.

6 Stability of the rotating gas disk in the
derived potential

Using the rotation curve and potential, we argue that the gas disk
is dynamically stable against star formation in the central ~ 10 pc.

6.1 Tidal enhancement vs suppression of star
formation

A rotating gas disk in the Galactic gravitational potential suffers
from various external forces that either compress the gas and en-
hance star formation or dilute it to suppress star formation.
Various origins of protostellar clumps are proposed, such as
gravitational instability in a uniform medium with small perturba-
tions, external compression by galactic shock waves, compressing
trigger by explosive events, or cloud-cloud collision. However,
regardless of the origin of a gas clump, the final decision for
the clump to become a ’proto-stellar cloud’ depends simply on
the gravitational stability of the clump and on whether the self-
gravitational force exceeds the thermal pressure and external dis-
turbances. This stability is most commonly examined by the Jeans
criterion. It is stressed that the Jeans instability gives the necessary
condition for the clump to grow to a star, but is not the sufficient
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Fig. 12. H40« (triangles) + CS (J = 2 — 1) (dots) line terminal velocity
curve (rotation curve) of the CMZ in semilogarithmic scaling. The curve
represents calculated V;.¢ using equations 4 to 7. Alt text: Rotation curves
from the minispiral to CMZ in semilogarithmic and linear scaling.

condition. On the other hand, Jeans stability is a sufficient condi-
tion for the clump not to form a star.

6.2 Tidal disruption of a cloud

We study the tidal effect of the Galactic potential on a molecu-
lar cloud, by performing an order-of-magnitude estimation, The
Roche radius for an object of mass m orbiting in the potential is
given by

r~[m/M(R)]"*R. (12)

In case of a molecular cloud of mass m ~ 10% Mg located at R ~ 3
pc, for example, the Roche radius is 7 ~ 0.5 pc and the critical
density is ~ 2 x 10* Hy cm™3. In figure 7 we show the evolution
of the tidal deformation and disruption of a cloud orbiting at R =3
pc, which initially was given a radius » = 0.1R = 0.3 pc and a
velocity dispersion o, = 0.1V;0r = 10 km s~ 'representing a cloud
of mass m=ro2/G~0.7x 10* Mg and nm, ~ 10° H, cm™>. The
simulation reveals that a cloud is easily stretched and destroyed in
the deep potential.

6.3 Tidal-Jeans (TJ) instability

The Jeans length and mass of a proto-stellar molecular cloud
formed in a gas cloud of density p ~ 10° Hy cm™>are of the
order of Ay ~ 0.1 pc and My ~ 1Me. However, the tidal force
due to the central bulge suppresses its growth. This is simply be-
cause the orbital period in the background potential is shorter than
the Jeans time in the cloud. This is equivalent to the comparison
of the Roche radius to the Jeans length, or to the Coriolis force
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Fig. 13. [Top] Enclosed mass M (R) calculated for the RC in figure 11
(black dots). Measurements from the literature are summarized by Fritz
et al. (2016), falling along the green thick line. The mass distribu-
tion in the Galactic disk is also plotted by diamonds (Sofue and Kohno
2025). [Middle] Volume mass density pmass Calculated for M (R). [Bottom]
Surface mass density >.,.ss approximately calculated using equation 11.
Alt text: Radial distributions of the total mass, volume and surface densities
in the CMZ.
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stronger than the self-gravitational force.

We here discuss a modification of the linear gravitational in-
stability of a molecular cloud using the dispersion relation for
the Jeans criterion in a rotating system (Chandrasekhar 1954;
Chandrasekhar 1961), which is written as

w? = 2k? — 4nGp + 402, (13)

where w and k are the angular frequency and wavenumber, respec-
tively, of the linear perturbation represented by dp o< exp(wt — kr),
p is the gas density, cs is the sound velocity, and Q = R/V,ot =
27 [t:o¢ 1s the angular velocity of the rotating system with ;o be-
ing the period of rotation. This equation is equivalent to the disper-
sion relation taking into account the tidal effect (Jog 2013) written
as

w? =2k —AnGp+T, (14)

where T = —0°®/0r? is the external tidal acceleration per unit
distance and @ is the gravitational potential in which the cloud
orbits, and if the orbit is circular its angular speed is equal to 2.

We comment that equations 13 and 14 treat the tide as purely
radial (spherical), which is assumed in the present circumstance.
However, if the potential is not spherical, for example a disk
(Kruijssen et al. 2019), the cloud is compressed in the vertical
direction by the vertical gravity of the disk and is further tidally
streched vertically, the former enhancing star formation, but the
latter suppressing.

Equation 13 yields the modified critical wavelength correspond-

ing to w? = 0, which we call the tidal-Jeans (TJ) wavelength,
Ay =2m ks = Ay [1- Q3] %, (15)

where
Qry =20ty

is a tidal-Jeans Q value defined by the ratio of the free-fall time, or

Jeans time, of the cloud
b = 1/\/anCp

to the free-fall time ¢& ~ 1/ in the external potential of the galaxy,
and

(16)

an

Ay = 2mwesty (18)

is the Jeans wavelength. The tidal-Jeans mass is then given by
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17, (19)

My = My [1-Qfy
where

My = (47/3)(Ms/2)*p. (20)

is the Jeans mass.

When the wavelength A and the mass M are smaller than these
critical values, specifically if A < Ay or M < Mj, then w is imag-
inary, leading to a stable oscillation of the perturbation. If vise
versa, w is real and the perturbation grows, the system is unsta-
ble. It is stressed that equation 15 has no solution, or the system is
stable when

Qrs>1, orty >1/2Q, @21)

or when the Jeans time is longer than the galactic rotation period,
regardless of the sound velocity or regardless of wavelength and
mass. Equation 21 can be read as

R< RT = 2t] ‘/rot = 2‘/1‘ot/\/m,

so, the gas disk is stable within a critical radius R, depending on
density and rotation velocity. For V;o; = 120 km s™*, we have

Ry ~14(p/10°uHs em ™) ~"/? [pc], (23)

(22)

where ;1 = 1.38 is the correction for heavy elements.

For convenience in presenting the analyzed results, we intro-
duce the parametric wavelength \* and mass M ™ normalized by
the critical tidal-Jeans values corresponding to a sound velocity of
¢s=1 kms™!, which are used in the plots in figure 15:

N (p) =Ar3/(cs/1 kms™), (24)

and

M*(p) = Mr;3/(cs/1 kms™*)>. (25)

6.4 Tidal-Jeans criterion in Keplerian potential around
the SMBH

Although trivial, it is interesting to point out that the radial transi-
tion of the TJ criterion becomes more sensitive to the GC radius if
we assume a steeper potential such as that by a point mass. This
effect becomes critical near the central SMBH at R < 2 pc. In
figure 17 we compare the dependency of the Mty curve between
the flat rotation as discussed in this paper and that calculated for
a Keplerian rotation around the SMBH. The curves are shown for
five different gas densities, increasing every 10 times from the top
to bottom curves for 5 orders of magnitude.

6.5 Toomre’s stability of a rotating disc

Although essentially the same as the Jeans criterion, the stability
of a self-gravitating disk in rotation has been analyzed in terms of
surface density (Toomre 1964). Although an exact analysis does
not apply here because the external potential is stronger, here we
try to estimate the effect of the tide on the stability of the disk. The
dispersion relation for an axisymmetric density perturbation in a
thin disk is given by

w? = 2k® — 2rG8gk + K2 (26)

where & is the epicyclic frequency and X, is the surface density of
the gas disk (Binney & Tremain 2008). The critical wavelength is
given by

Ao =2m/k= (23 /GS)[1+£/1-Q4 7, (27)

where
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Q= csk/TGEg (28)

is the Toomre’s ) value. If @ > 1, equation 26 has no solution and
the disk is stable (oscillation as o expi|w|t), while if @ < 1 the
disk is unstable (growing as « exp |w|t) and radially fragmented
by self-gravity.

In the present case of CND, where the rotation curve is flat,
we may approximate the epicyclic frequency by & ~ v2Q =
V2Viot/R. In figure 18 we plot the @ value as a function of R
for a gas density p ~ 10° Ho cm™>, assuming that the thickness of
the disk varies as h ~ 0.1R, which yields ¥, = ph &< R. The gas
disk is shown to be stable inside R < 1.4 pc, where Q > 1. Outside
1.4 pc, the disk is unstable and the critical wavelength of growing
instability decreases with the radius as shown in the bottom panel
of figure 18.

However, we note that the () value analysis is valid only for
an infinitesimally thin disk with axisymmetric fragmentation into
rings. In addition, the external potential, which is treated mixed,
may act to further stabilize the disk. In fact, the calculated value of
the wavelength is unreasonably small to be on the order of ~ 1073
pc, which is due to the assumed condition that the sound velocity is
small, the disk is thin, and there are no other velocity dispersions.
Furthermore, in order to discuss star formation, we need to further
test the fragmentation of individual rings into proto-stellar clouds
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Fig. 18. [Top] Toomre’s Q value for a constant rotation velocity V;.¢ = 120
km s™', nyg, = 10° Hy cm™3, ¢, = 1 km s™*, and the disk thickness is
one tenth the radius, h = 0.1R (X, = ph). The disk is stable inside R ~ 4
pc where @ > 1 for any wavelength. [2nd] critical wavelength A\, against
R. The disk is stable for a wavelength below the line. Alt text: Toomre’s Q
plotted against R.

in the azimuthal direction. So, we must be careful to apply it to
the present circumstance, where the disk thickness is comparable
to the radial extent,

6.6 Suppression of star formation

In order to visualize the Jeans stability of a molecular cloud due to
the tidal effect, we plot in figure 15 the normalized TJ length and
mass, A" and M™, as a function of the galactocentric distance, R,
for various densities from p = 10* to 10% Hocm™ , assuming a
constant rotation velocity of V;or = 120 km s~ 1.

The figures tell us that the density perturbation does not grow
at any wavelength and mass, if the rotation period of the system is
sufficiently shorter than the Jeans time, or ¢; > ¢, and regardless
of the sound velocity.

On the other hand, if ¢; < tyot, the critical tidal-Jeans length
and mass tend to the Jeans wavelength and mass, and the values
become dependent on the sound velocity.

For example, if we take p = 105 Hy cm™2, as shown by the
thick line in figure 15, the gaseous system inside a critical radius of
Rt ~ 14 pc is stable at any sound velocity. Outside of the critical
radius, the system is unstable at a wavelength of A* > 3 pc and a
mass of M* > 100Mg for p=10° Hy cm™3. If the sound velocity
is ¢s ~ 0.1 km s™', clouds with a mass greater than ~ 0.1 Mg can
grow.

We stress that the tidal suppression is effective only inside the
critical radius, e.g. at R < 14 pc for a cloud 10° Ha cm™2, but out-
side the radius the disk stability/instability is subject to the usual
Jeans criterion. In fact, a moderate or slightly higher star forma-
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tion efficiency has been obtained in the entire CMZ (Battersby et
al. 2025).

Also note that the present analysis applies to a spherical system.
If a disk potential is assumed, as simulated for the mid-CMZ re-
gion (Kruijssen et al. 2019; Dale et al. 2019), the vertical tide, or
the vertical gravitational force, acts to compress the cloud/disk in
the vertical direction and enhances star formation.

6.7 Effect on the circumnuclear IMF

Another interesting issue is the unpredictable behavior of the tidal
effect in the “transition region" in the plots A — R and Mt; — R in
figures 15 and 16, where the curves suddenly turn from horizontal
(outside R) to vertical (inside Rr). In this region, the molecular
gas is neither stable nor unstable regardless of its high density. It
happens that Mr; varies inside a proto-cluster cloud if its size is
comparable to R.

Suppose an extremely high density cloud of p ~ 10 — 10® Ha
ecm™® and ¢ ~ 0.1 km s™'with a size comparable to orbital ra-
dius of R ~ 1 — 10 pc, the T-Jeans mass, which defines the cutoff
mass, is variable inside the cloud from solar to high mass. This
variable cut-off point for lower-mass clumps in some parts of the
same cloud leads to a shallower initial mass function (IMF).

It is interesting to point out that a “top-heavy" IMF is indeed ob-
served in the GC Arches Cluster G+0.12+0.02(Hosek et al. 2019)
and in the Quintuplet cluster G+0.15-0.05 (Hussmann et al. 2012).
However, it may be less likely that these cases are explained by
tides alone because the clusters are located at projected distances
of ~ 25 — 30 pc from Sgr A*, outside the tidal transition radius.

6.8 Magnetic effect

In the presence of a magnetic field B, the dispersion relation
for a perturbation perpendicular to the field lines is written as
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(Chandrasekhar 1961)

W= (E+ Ak —4nGp =0, (29)
where ca = cos 6 B/+/4mp is the Alfvén velocity with 6 being the
angle between the magnetic field and the direction of contraction.
This increases the critical wavelength in the direction perpendicu-
lar to the magnetic field without change of the horizontal lengths,
and the critical mass increases accordingly. The magnetic strength
in the GC has been measured from radio continuum observations
to be B ~ 1 mG (Heywood et al. 2022), which yields ca ~ 4 km
s~!, leading to a horizontal wavelength Agy ~ 0.4 pc and mass
Mimag—3 ~ 45Mg for ni, ~ 10° Hx» cm™3. So, the formation
of solar-mass stars is possible from a sheet produced by an initial
vertical condensation of wavelength Ay, which increases the local
density to cause perpendicular fragmentation of a sub-solar mass
clump.

6.9 Suppression of cloud collision

Cloud collision is often argued to trigger star formation in interstel-
lar space (Fukui et al. 2021). The collision requires a head-on orbit
between the two clouds with zero angular momentum. However, a
straight orbit is prohibited in the GC because of the strong Coriolis
force. In the rotating disk, an object orbits around its guiding cen-
ter at the epicyclic frequency & ~ v/2 and radius r ~ R(v/v/2V)
with v being the local velocity about the guiding center (velocity
dispersion). Once a collision has occurred, the two clouds have
had to meet repeatedly in the past every tco1 ~ tepi = 27/ (\/ﬁﬂ)
For a velocity dispersion v ~ 20 km s~* and R ~ 10 pc, for ex-
ample, we have  ~ 1.2 pc and tco1 ~ 0.4 My. Therefore, the
two clouds have been binary and the motion is a straight oscilla-
tion when they are observed in the coordinate system rotating at .
This analysis applies to any cloud-cloud collision candidate in the
Galaxy, but it is particularly serious in such a rapidly rotating disk
as is considered here. So, the triggered star formation by cloud
collision is not effective in the GC.

6.10 Feedback from the environment

In addition to tidal and magnetic suppression of density fluctua-
tions growth, various mechanisms are considered to act to disturb
and heat the molecular gas against gravitational contraction in the
central few pc of the nucleus, such as stellar winds from the ex-
tremely large number of stars inside each fluctuation, supernova
explosions, and AGN activities around Sgr A*. Although these are
beyond the scope of this paper, we mention that the formation of a
star in the circumnuclear region requires an extraordinarily strong
mechanism to compress the protostellar gas clump.

6.11 Tidal dam toward starburst

Due to suppression of star formation, the gas that has become stag-
nant is trapped in the circumnuclear region, forming a super-high-
density ring-shaped torus. Tidal forces act as embankments in a
dam. However, when the amount of gas in the torus exceeds its
limit and this dam breaks, a starburst occurs, whereas some non-
gravitational compression to conquer the tide has to be activated
to form a star. This is a contradictory requirement because the col-
lision that is anticipated for shock compression is prohibited, as
discussed above. Thermal instability may be a possible source of
compression, although it is beyond the scope of this paper.
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7 Summary and Conclusion

We have shown that the observed characteristics of the circumnu-
clear gas disk in the CS (J = 2 — 1) line are explained only when
the gravitational potential of the central bulge is nearly spherical,
where the rosette orbits are coplanar. We determined the rotation
curve in the CMZ, which is nearly flat at Vi, ~ 100 km s71, and
derived the distribution of the mass, which is approximately repre-
sented by M (R) ~ 3 x 106(R/1 pc) Mg at R 2 2 pc. This made it
possible to analyze the stability of the molecular gas in the GC us-
ing the modified Jeans instability in a rotating system. We showed
that the molecular gas is stable against gravitational fragmentation
for star formation in the circumnuclear region inside the threshold
radius (R < 14(pgas/10° pHocm =3)71/2 pe), where the star for-
mation is suppressed and the SF law may be modified to have a
top-heavy IMF.
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Appendix 1 Longitude-velocity (LV) and
latitude-velocity (BV) channel diagrams in the
CS (J =2 —1) line.

Channel maps of the LVD and BVD in the CS (J = 2 — 1) line are presented in figures
20.
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Fig. 20. [Top]Channel LVD (left) and BVD (right) of the circum-nuclear region in the CS (J =2- 1) line from ACES. [Bottom] Channel maps LVD of the
minisrpial in the H40« line.Alt text: [Top] Channel LVD and BVD of the CND in CS (J = 2 — 1)[Bottom] LVD of the minispiral in H40c.



